Abstract Laser ablation of metals in liquid helium results in the formation of metal filaments with diameters on the order of 2-10 nanometres and of spherical nanoparticles. In superfluid helium these nanowires aggregate into centimeter-sized networks. We study the morphology and the electric conductivity of these large aggregates, as well as extinction spectra and the crystalline structure of the individual nanofragments. We discuss the effect of superfluidity on the mechanisms of coalescence processes at the nanometer and centimeter scales.
duration of the laser radiation. Liquid 4 He is a peculiar solvent because of its low temperature, exceptionally low electric polarizability, large heat conductivity, high purity and chemical inertness. In particular the heat conductivity of liquid helium above T = 2.17 K (He I) is ≈0.02 W/m·K (compare to 0.58 W/m·K for water or 0.17 W/m·K for ethanol at room temperature), whereas in the superfluid helium (He II) below T = 2.17 K the heat flow becomes nonlinear function of the temperature gradient and is several orders of magnitude higher than in He I [3] . Viscosity of He I is ≈2 × 10 −6 Pa·s (that is three orders of magnitude smaller than that of water at room temperature) and vanishes in He II. Moreover, superfluid helium has the unique feature of forming quantized vortices which influence the diffusion and coalescence of ablated atoms and clusters.
Although laser ablation (LA) of metals in liquid He is used in matrix-isolation spectroscopy since the 1990's [4] [5] [6] [7] [8] , the ablation process is not well studied. In particular the formation of nanoparticles (NP) during the laser ablation of Cs and Rb in liquid helium was reported [4, 9] . In such experiments macroscopic filament-like structures have been observed [4, [10] [11] [12] . On the other hand the motion of micrometersized solid particles in liquid helium is now being extensively studied by theorists [13] [14] [15] and experimentalists [17, 18] in the context of quantum turbulence. It was found experimentally [16] [17] [18] that solid hydrogen particles in superfluid helium aggregate into extended filaments.
In a recent numerical study of the coalescence of molecules solvated in cryogenic helium fluid [19] the formation of clusters with strongly branched and fractal structures was predicted.
Recently we have reported [11] the first experimental microscopic study of metallic filaments produced by laser ablation in liquid helium. In normal fluid helium, micron-sized particles and nano-networks do not form large complexes and fall onto the bottom of the vessel. In the case of superfluid helium submicron-size particles and nanowires coalesce into macroscopic "ropes". In that publication we have proposed that quantum turbulence can support the macroscopic assembly processes. In the present article we provide a more detailed survey of the ablation process in superfluid and normal fluid helium and of the properties of the aggregation products.
Experimental Set-up
The experiment was carried out in a helium bath cryostat with optical access. Windows allow us to introduce the ablation laser beam and to perform spectroscopic measurements in situ, and to do visual observations, as well as photographic and video recordings (Fig. 1) . The temperature of the liquid helium sample in the cryostat can be reduced by pumping on its free surface. Below 2.17 K 4 He in the bath becomes superfluid (Fig. 2) . The lowest achievable temperatures is 1.3 K. The sample is isolated in a thick-walled copper cell (volume of 200 cm 3 ) submerged in the liquid helium bath which controls the cell's, and hence the enclosed helium's temperature. The cell is connected to a high pressure helium gas bottle kept at a room temperature, and the pressure can be varied in the range of 1 to 40 bar. Ablation targets are millimetersized pellets of pure gold, copper, or other metals (Cs, Ba, Rb have been studied up to date) placed on the bottom of the cell. The temperature is measured independently in the bath and in the cell, ≈5 mm away from the target. The pressure is measured in the room temperature part of the filling capillary.
Ablation from the target is performed through the top window. We use the beam of the frequency-doubled (λ = 532 nm) or -tripled (λ = 355 nm) Nd:YAG laser. We can efficiently ablate using 5 ns long pulses of 40 to 80 mJ at a repetition rate of 1 to 10 Hz. The laser beam is focused by a 10 cm focal length lens and hits a spot of ≈50 micrometer diameter on the target. The ablation efficiency is very low in comparison with ablation in water by powerful picosecond lasers [20] . From the size of the craters (inset in Fig. 1 ) created by the laser in the target, we estimate an ablation rate of a few μg/h (≈10 −10 g/pulse) during ablation using 10 Hz, 80 mJ pulses of frequency-tripled Nd:YAG radiation.
Because of the heat deposition on the target by the laser radiation the local temperature above the target may become larger than the bath temperature. Due to the high thermal conductivity of superfluid helium, this heat is efficiently dissipated, and no temperature gradient is created. The medium remains homogeneous and transparent. In normal fluid helium, where the thermal transport is slower, the ablation produces a strongly inhomogeneous distribution of temperature in the sample and a strong convection. Due to the difference of refraction indices of warm and cold liquid helium we can visualize the convective flow by means of shadowgraphy (Fig. 3a) . We illuminate the sample by the expanded parallel beam of a cw diode laser. The refraction index inhomogeneity can then be observed as a shadow on a screen behind the cryostat. We use a digital video-camera to continuously monitor the convection flow during the ablation. Selected frames of this recording are shown in Fig. 3b, c. A pair of pin-shaped electrodes (9 in Fig. 1 ) was installed in the pressure cell in order to monitor the electrical conductance of the doped helium sample during the ablation. The electrode tips have a radius of ≈50 μm and a rough surface. A constant voltage of 9 V was applied to the electrodes and the current through a 1 M resistor connected in series was monitored. In this low electric field, the ablated ions and field emission from the electrodes produced no measurable signal.
For collecting the ablation products we placed optical microscope slides, graphite substrates and carbon coated copper grids at the bottom of the pressure cell next to the ablation target. These substrates were used for optical microscopy, for secondary electron microscopy (SEM), and for transmission electron microscopy (TEM), respectively.
Our standard spectroscopy set-up allows us to record transmission and laser induced fluorescence spectra of the sample in the visible and near infrared range. Transmission spectra were recorded using a halogen lamp and a grating spectrograph equipped with a CCD camera. Laser induced fluorescence of atoms and molecules was excited by the ablation laser and analyzed by the same spectrograph.
In parallel, we monitored the sample through one of the side windows with a high resolution photo-camera and/or video-camera.
Results
Coalescence of the ablation products into macroscopic filaments was observed for different metals: Rb, Cs, Cu, Au, Ba. Because of their fast oxidation in air, the filaments and NPs of alkali and alkali-earth metals could not be removed from the cryostat for microscopy investigation. Such studies were therefore only carried out for gold and copper.
Optical Spectroscopic Measurements
We have observed laser induced fluorescence of atoms and molecules produced during ablation in liquid helium. The atomic densities can be estimated from the fluorescence yield to be on the order of 10 7 cm −3 . We have also performed ablation experiments in solid helium at pressures above 25 bar and a temperature of 1.5 K (Fig. 2) . In solid helium the target exposed to the high power laser radiation heats up and melts the helium crystal in a nearby volume of several mm 3 (Fig. 1) . The ablation products diffuse into the molten volume. When the ablation is stopped, the helium resolidifies thereby immobilizing the dopants. In this way we achieve atomic densities of ≈10 10 cm −3 .
Extinction spectrum measurements were done in solid helium, where the clusters and atoms cannot travel to the walls of the cell. Typical light extinction spectra of Csand Rb-doped solid helium samples are shown in Fig. 4 . We modeled these spectra assuming that they are due to light scattering by small metallic particles, using fits, based on Lorentz-Mie theory [22] . The fits yield [9] a cluster size distribution centered at about 50 nm for Cs. The cluster density extracted from the fit is ≈10 10 cm −3 . For Rb we obtain a mean size of 10 nm and a similar total density. In the case of Ba we could not observe any formation of clusters, and the extinction spectrum is dominated by the atomic 6s 2 1 S 0 -6s6p 1 P 1 absorption line at 540 nm (Fig. 4) , yielding a typical atomic density of ≈10 15 cm −3 . We did not observe any extinction in goldand copper-doped samples, although they produce laser induced atomic fluorescence spectra with intensities similar to those of Cs or Rb.
We suggest that the Ba, Cu and Au clusters are very small and cannot be detected by optical means. It is well known [24] that gold NPs with diameters ≤3 nm do not appreciably scatter or absorb light in the visible-NIR range. 
Electric Conductivity Measurements and Visual Observations
As discussed in our first report [11] , we have observed stepwise electrical conductivity changes during the ablation in superfluid helium, which set on a few minutes after ablation starts, and which saturates at a level of several k −1 . We related these steps in the conductivity to consecutive electrical connections formed by floating small wires that get stuck to the electrodes and to the cell walls (Fig. 5 ). Typical step sizes are a few tens of M −1 . The conductivity of metal copper at cryogenic temperature is ≈2 × 10 −11 ·m [23] . A conductance step would thus correspond to filament cross-section on the order of 1 Å 2 , much smaller than the thinnest wires observed with the electron microscope (see Sect. 3.4). Therefore the step sizes were attributed to the finite resistance of the wire/electrode (wire/wall) connections. At the moment of the first conductivity step no filament structures between electrodes can be observed by the naked eye. We conclude that the electrical connections established are due to extended wires of less than a 100 μm diameter.
After a few tens of minutes of ablation (10 Hz, 80 mJ, 355 nm) one can visually observe extended objects growing from the inner cell surfaces, floating in the sample volume and eventually sticking to the electrodes and the cell body (Fig. 6a) . First, one sees thin dendrite-like structures developing from the inner surfaces of the cell. As ablation continues these dendrites extend and join together, creating dense "webs" after several hours of ablation. The maximal length of the observed ropes is limited by the inner size of the cell (≈5 cm). The observed ropes are strong enough to survive helium solidification, melting and boiling.
Optical Microscopy
Microscopy studies were only performed with gold and copper. During the ablation and during the warming of the cryostat the nets of the ropes, their fragments and clusters fall onto the substrates at the bottom of the cell. The glass substrates were removed from the cell and the collected material was studied by optical microscopy. Results are shown in Fig. 6b , c. The ablation products from gold and copper targets were found to be very similar. Their morphology strongly depends on the temperature in the cell: in superfluid helium (T < 2.17 K) we obtain mostly extended filaments (ropes) composed of many entangled thinner wires. The longest pieces we collected were ≈15 mm in length and had a rich substructure. The aggregation of the ablation products in normal fluid helium forms highly-structured micron-sized objects that homogeneously cover the substrate surface (Fig. 6c) .
Electron microscopy
Secondary electron microscopy (SEM) was used to study the substructure of the metal filaments and microparticles obtained in normal fluid (Fig. 7a-c ) and superfluid He (Fig. 7d-f) . SEM images show that the macroscopic "ropes" and microparticles are composed of a large number of densely entangled nanometer thick wires with embedded spherical nanoparticles (Fig. 7c, f) .
Comparison of the ablation products at high magnification shows that there is virtually no difference in the shapes and sizes of nanowires and nanoparticles, obtained in superfluid (Fig. 7b, c) and in normal fluid (Fig. 7e, f) helium.
It was noticed that the ropes formed in superfluid helium usually have their ends attached to sharp edges, surface defects of the cell walls, etc. For example one can see in Fig. 6a rope attached to the tips of the two electrodes. In Fig. 8 we show SEM images of the surface of the electrode tip, to which the rope was pinned. One can Transmission electron microscopy images were taken from the solid material that sedimented during and after the experiment onto carbon coated copper grids placed at the bottom of the experimental cell. The gold fragments condensing during the experiment form a net of nanowires together with nanospheres. Nanowires have diameters in the range of 1.5 to 6 nm (Fig. 9a) . The wires are sensitive to the electron beam bombardment in the microscope. The thinnest parts are destroyed which yields typical gaps along the wire. The spherical NPs have diameters ranging from 6 to more than 200 nm. Selected area electron diffraction (SAED) patterns taken with the (Fig. 9b) . Due to the very small size of the wires, the diffraction rings are broad. SAED patterns with the aperture centered on an individual wire (Fig. 9c) indicate that the wires are polycrystalline (Fig. 9d) , whereas the spheres (Fig. 9e) are clearly single crystals (Fig. 9f) .
Discussion
The results of our experiments support the hypothesis suggested earlier [12, 18] that nanowires are formed by the coalescence of ablation products that are trapped on the vortices, both in normal fluid and in superfluid helium.
Vortices in superfluid helium have been a topic of research since the 1950's. They have the characteristic feature that the circulation of the He flow around the vortex core is quantized [25] 
The circulation of helium of density ρ produces a radial pressure gradient at a distance r
that is large enough to trap a metal atom or a nanoparticle near the vortex core [13, 14] . The trapped particles are strongly confined in the radial direction, but are free to move along the vortex axis. The coalescence of many trapped particles will therefore result in a nanowire with a large aspect ratio. The energy released in the coalescence process is removed by the surrounding superfluid helium. The quantized vortex lines span the full cell volume and are pinned to sharp defects on the walls or may form closed rings. This fact is supported by the observed pinning of the ropes to the cell walls and electrodes. A similar mechanism must exist also in normal fluid helium, where the turbulent eddies are not quantized, and have a shorter lifetime and a smaller length than the superfluid vortices. The resulting nanowires are hence expected to be shorter and to show no aggregation into macroscopic ropes.
The nanowire formation may thus be catalyzed by the turbulent flow of liquid in the vicinity of the ablation target and in the cell volume, that is due to the temperature gradients induced by the laser deposited heat and by the mechanical vibrations.
In superfluid helium the individual nanowires are twisted together into thick ropes. This phenomenon does not occur in normal fluid helium and is most likely related to the presence of quantized vortices. It is not clear whether a single isolated vortex can be responsible for the build-up of a rope, or whether this process involves a large group of interacting vortices. In fact, numerical studies of superfluid turbulence [26] predict existence of the vortex tangles with structures that strongly resemble the ropes reported here (Fig. 7b) .
Conclusion
The coalescence of the ablation products in liquid helium can be considered as a two-step process. In a first step the nanoparticles and nanofragments are formed on a short timescale close to the ablation spot in the hot environment. In a second step an aggregation of the nanofragments into the wires and ropes in the whole volume of the superfluid helium sample occurs. In normal fluid helium all types of micron-sized fragments are spread uniformly in the sample, since convective and turbulent flows are not regular at a macroscopic scale.
In summary, we have shown that the laser ablation of metals in liquid helium leads to the formation of nanowires, spherical nanoparticles and their aggregation into macroscopic metallic filaments. We suggest that the nanowires are created by turbulent flows in the liquid. The large filament formation is assisted by quantized vortices in superfluid helium. We believe that experiments of this work will give a better insight into the processes of nanoparticle formation.
